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ABSTRACT

Electrocatalytic water splitting is a promising solution for sustainable energy
generation since one of the half reactions lead to the formation of H2 which is a clean
fuel. The other half of the reaction leading to O2 evolution is an energy intensive process
necessitating the need for an electrocatalyst to break the activation barrier for the
commencement of the reaction. In this work we will focus on expanding the family of
non-oxidic OER electro-catalysts, especially borides, whereby, apart from facilitating
delocalization of electron cloud on the catalytically active transition metal site, low anion
electronegativity and increased covalency in the lattice compared to oxides, is expected
to facilitate the catalytic process. Analyzing these properties, amorphous nickel boride
(Ni3B) was chosen and synthesized through a room temperature chemical conversion
technique. Characterization of the synthesized material confirmed that the as-prepared
Ni3B was nanocrystalline with particles in the range of 50 – 60nm. Ni3B showed high
efficiency for electrocatalytic O2 evolution under alkaline conditions exhibiting a low
onset potential and overpotential (ɳ) of 340 mV @ 10 mAcm-2. Ni3B was further
incorporated into a matrix of reduced graphene oxide to improve the catalytic
performance by facilitating charge transfer within the catalytic matrix since its
incorporation increases conductivity of the catalytic film. As expected, Ni3B-reduced
graphene oxide nanocomposite showed an improved catalytic performance compared to
Ni3B nanostructures with onset potential lower by 70mV and ɳ of 290 mV @ 10mAcm-2.
The OER catalytic performance obtained with Ni3B and nanocomposite was observed to
be significantly better than the conventionally used noble metal oxides such as RuOx, and
was comparable to some of the best OER electrocatalysts.
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1.

INTRODUCTION

Man’s profound exploitation of non-renewable resources for energy generation
has had a negative impact on the environment. The technologies that have been
developed in the past are mostly fueled by fossil fuels [1]. Extensive usage of these
resources has not only resulted in their depletion, but also has resulted in large scale
pollution. For example, combustion of carbon based energy sources lead to the formation
of greenhouse gases such as CO2, CO, etc. [2], which ultimately lead to global warming.
This necessitates the need to develop renewable resources for clean energy generation
that on usage does not lead to environmental pollution. There is a need for developing
means to generate sustainable energy. Sustainable energy is one which is consumed at
negligible rate compared to its supply [3]. Solar energy, wind energy and energy derived
from water are some of the most promising sources of sustainable energy [4]. Among
these electrocatalytic water splitting shows tremendous promise for generation of clean
energy with zero pollution, and is one of the primary reactions for a variety of energy
conversion devices such as fuel cells, metal-air batteries, and solar-to-fuel energy
conversion devices. While solar energy harnesses the power of the sun and converts that
to electricity, water electrolysis stores energy in chemical bonds that can be delivered and
used as desired. Hence, this technology complements solar energy conversion by
providing a source of useable energy in absence of direct sunlight, and is becoming
increasingly important in grid-based energy generation technology.
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1.1.

ELECTROLYSIS OF WATER
Electrocatalytic water splitting involves two half-cell reactions: hydrogen

evolution reaction (HER) occurring at the cathode and oxygen evolution reaction (OER)
at the anode as shown in Figure 1.1. Hydrogen is a clean fuel which on combustion does
not lead to the generation of any greenhouse gases [5]. The electrocatalytic water splitting
is a clean way of producing hydrogen when compared to that of conventional means of
production by combustion of natural gas, coal, etc. [5]. Oxygen evolution reaction, on the
other hand, is a sluggish process requiring high energy to break the activation barrier.
Typically electrocatalysts are used to reduce the activation barrier reflected in the
lowering of applied potential to initiate the catalytic reaction. The oxygen evolution
reaction in alkaline medium starts with the attachment of the OH- ions on the catalytically
active surface site. Hence, the coordination and ligand environment around the
catalytically active metal site plays a crucial role in determining the chemical potential
and OER catalytic activity. Although traditionally, precious metals and precious metal
oxides such as those of Ru, Ir and Pt were the most commonly used OER electrocatalysts,
recently transition metal based compounds have shown very promising catalytic activity
outperforming the precious metal oxides. A thorough literature review regarding the
various classes of OER electrocatalysts has been provided in Section 1.4 and 1.5, where it
has also been explained how OER activity can be made more efficient by altering the
local coordination environment around the transition metal site through hypothesis driven
materials chemistry. In the case of metal borides, the degree of covalency in the metalboron interaction as well as the Lewis acidity of the surface sites facilitates efficient
attachment of OH- ions and hence promotes initiation of OER. This favorable property
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has been exploited for application of metal borides as electrocatalysts for OER in this
work. The catalytic performance can further be improved by introducing carbon based
materials into the system which facilitate better electron transfer between catalyst surface
and substrate. Carbon based materials such as reduced graphene oxide, graphene oxide,
carbon nanotubes, etc. are combined with electrocatalysts to improve catalytic
performance through synergistic effect. Sections 1.3-1.11 provide detailed explanation of
mechanism of catalytic OER process, different families of electrocatalysts, as well as the
electrochemical studies for determining OER catalytic activity.

-

e-

-

Anode: 4OH → O2 + 2H2O + 4e
-

-

Cathode: 4H2O + 4e → 2H2 + 4OH
Overall: 2H2O → O2 + 2H2

H2

O2

H2O

Figure 1.1. Overall water splitting reaction consisting of two half reactions of oxygen
evolution and hydrogen evolution.

Typically water electrolysis process is carried out from room temperature to
200oC (low temperature electrolysis) or 500oC to 1000oC (high temperature electrolysis).
Interestingly in the intermediate range, water electrolysis technologies has not been
extensively developed.
Based on the charge carrier, water electrolysis can be further divided into three
types. Alkaline (OH-) electrolysis, proton exchange (H+) electrolysis and oxygen ion (O2) electrolysis with charge carriers as OH-, H+ and O2- respectively as shown in Figure 1.2
[6] below. Water electrolysis is the core process in a fuel cell. Alkaline water electrolysis
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is the most mature technology of all, which is being employed extensively in commercial
scale. This work is focused on alkaline water electrolysis and addressing the challenges in
it.

Figure 1.2. Classification of electrolysis based on temperature, charge carrier and
electrolyte.[6]

1.2.

WATER ELECTROLYSIS IN ALKALINE CONDITIONS: CHALLENGES
AND SOLUTION
When a potential gradient is applied, there is movement of electrons leading to the

production of current. The thermodynamics of half reaction shown in Table 1.1 is defined
on an absolute potential (E°) scale, ΔG°= nFE° as shown in the table below. Where n =

5
number of electrons transferred in the overall reaction, F = Faraday’s constant [7]. The
potential scale can be shifted based on the reference electrode used [7]. Electrochemical
measurements on the working electrode in an electrochemical cell are made with respect
to the reference electrode. Reduction of 2H+ to H2 (g) is assumed to be occurring at an
absolute potential of 0.00V and the electrode at which this reaction takes place is called
‘Reversible Hydrogen Electrode’ (RHE) [8].
The thermodynamic water splitting potential is 1.23V. This is the ideal and
theoretical value of the energy required for OER to take place. However, the reaction in
reality requires a higher energy than required to break the activation barrier. A catalytic
material that can break the activation barrier and lead to the commencement of OER is
required.
The potential at which OER starts is called the onset potential. OER is also a
kinetically sluggish reaction [6]. It is a four electron (4e-) process involving the double
bond formation between two oxygen atoms to form O2 [6]. So, energy that is supplied in
excess of 1.23V is called overpotential denoted by ‘η’. η = Eappl – 1.23V, where Eappl =
applied potential.
Extensive amount of research is going on in bringing down the onset potential and
the overpotential as close as possible to 1.23V. It is important to bring down the onset
potential and overpotential for OER in water splitting and this is the challenge faced in
alkaline water electrolysis [6].
The materials that enable this are called ‘electrocatalysts’. Electrocatalytic
materials bring down the activation energy required for the reaction to start as shown in
the Figure 1.3 below.
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Reactants

Products

Figure 1.3. Activation energy variation in an energy vs time plot between uncatalyzed
and catalyzed reaction. [7]

Typically, the current produced by the application of potential is normalized with
geometric electrode area and reported as current density [9,10].
Apart from electrocatalysts, scientists are also developing photocatalysts and
photoelectrochemical catalysts which can utilize solar energy for water splitting reaction.
These systems mimic photosynthesis and this direction of research is generically referred
to as artificial photosynthesis [9].
To benchmark the different catalysts being reported researchers have identified η
at 10 mAcm-2 current density as a standard to estimate the catalyst performance [9,10].
Hence in our research we have compared η at 10 mAcm-2 with other reported catalysts in
Section 1.5 & Section 3 of paper.
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Table 1.1. List of Cathodic half reactions and their corresponding standard reduction
potentials. [11]
Cathode (Reduction)
Standard Potential
Half-Reaction

E° (volts)

Zn2+(aq) + 2e- → Zn(s)

-0.76

Cr3+(aq) + 3e- → Cr(s)

-0.74

Fe2+(aq) + 2e- → Fe(s)

-0.41

Cd2+(aq) + 2e- → Cd(s)

-0.40

Ni2+(aq) + 2e- → Ni(s)

-0.23

Sn2+(aq) + 2e- → Sn(s)

-0.14

Pb2+(aq) + 2e- → Pb(s)

-0.13

Fe3+(aq) + 3e- → Fe(s)

-0.04

2H+(aq) + 2e- → H2(g)

0.00

Sn4+(aq) + 2e- → Sn2+(aq)

0.15

Cu2+(aq) + e- → Cu+(aq)

0.16

ClO4-(aq) + H2O(l) + 2e- → ClO3-(aq) + 2OH-(aq)

0.17

AgCl(s) + e- → Ag(s) + Cl-(aq)

0.22

Cu2+(aq) + 2e- → Cu(s)

0.34

ClO3-(aq) + H2O(l) + 2e- → ClO2-(aq) + 2OH-(aq)

0.35

IO-(aq) + H2O(l) + 2e- → I-(aq) + 2OH-(aq)

0.49

Cu+(aq) + e- → Cu(s)

0.52

ClO2-(aq) + H2O(l) + 2e- → ClO-(aq) + 2OH-(aq)

0.59

Fe3+(aq) + e- → Fe2+(aq)

0.77

Hg22+(aq) + 2e- → 2Hg(l)

0.80

Hg2+(aq) + 2e- → Hg(l)

0.85

ClO-(aq) + H2O(l) + 2e- → Cl-(aq) + 2OH-(aq)

0.90

NO3-(aq) + 4H+(aq) + 3e- → NO(g) + 2H2O(l)

0.96

Br2(l) + 2e- → 2Br-(aq)

1.07

O2(g) + 4H+(aq) + 4e- → 2H2O(l)

1.23

Cr2O72-(aq) + 14H+(aq) + 6e- → 2Cr3+(aq) + 7H2O(l)

1.33
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1.3.

MECHANISM OF OER AT THE CATALYTIC SITE AND THE EFFECT
OF SURFACE ATOM
OER in alkaline medium is a multi-step process with each elementary step

generating one electron. A typical OER reaction on the catalyst surface can be explained
from the modified Krasil’shchikov mechanism originally proposed for metallic anode
OER catalysis. This has been later adapted by several other researchers for metal oxidic
and non-oxidic electrocatalyzed OER [12-16] and the mechanism is as follows,
[S]n + OH-  [Sn+1-OH] + e-----------------Eq.=1
[Sn+1-OH] + OH-  [Sn+1-O]- + H2O-------Eq.=2
[Sn+1-O]-  [Sn-O] + e------------------------Eq.=3
2[Sn-O]  2[S]n + O2------------------------Eq.=4
Overall reaction = 4OH-  O2 + 4H2O + 4eWhere [S] = the catalytically active site in the anodic catalyst and n = average
oxidation state of the active site. It can be seen that the attachment of the hydroxyl group
to the active site of the catalyst [S] initiates the OER process. This can be facilitated by
the local oxidation of the metal center. It can be perceived from the above mechanism
that the catalytic activity can be affected by any factor that can regulate the oxidation
potential of the catalytically active surface site. By varying the local coordination
environment of the metal site, the oxidation potential of the metal site can be varied
[9,10]. Taking this aspect into consideration researchers moved from metals to metal
oxides, metal oxyhydroxides, metal hydroxides, metal chalcogenides, metal phosphides,
metal nitrides, metal borides, and so on, which will be discussed in the following
sections.
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1.4.

TRANSITION METAL OXIDE OER CATALYSTS AND ADVANTAGES
OF Ni AS THE CATALYTICALLY ACTIVE SITE
Electroactive catalysts are typically used to reduce the applied potentials to a

lower value thereby bringing the overpotential (i.e. excess energy) as close as possible to
the thermodynamic water splitting voltage. The most commonly used high-efficiency
catalysts for this purpose are the precious metal oxides (IrOx, RuOx) which show some of
the lowest overpotential for practical current densities [17-27].
Despite the efficiency exhibited by precious metal oxides for OER catalysis, the
cost involved in employing them on a larger scale hinders them from being used for
practical usage [28-41]. This stood as motivation for researchers to investigate earth
abundant nonprecious metal catalysts (NPMCs) [42]. Earth abundant Ni –oxides, oxyhydroxides, and –hydroxides among NPMCs, have shown catalytic performance
comparable to that of precious metal oxides [28-41].
In order to understand why Ni-based electrocatalysts show superior activity,
several theoretical and experimental studies were carried out and the outcome was the
learning that this can be attributed to various factors including the band alignment and
occupancy of the d-levels of the transition metal [43-45]. It has been predicted that an eg
occupancy of 1e- helps the catalytic activity of the transition metal center [17]. It has been
observed that the most influential factor to predict and optimize catalyst efficiency was
the above molecular orbital descriptor [17, 23] According to the studies corresponding to
the molecular orbital descriptor, Co(II) based systems with a low spin octahedral
coordination for Co should produce the best water oxidation catalyst. Actually,
organometallic complexes of Co does show high catalytic performance which has been
researched extensively by many groups [46-50].
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In reality, as opposed to the expectations, Ni-based oxides and hydroxides which
have a t2g6eg2 electronic configuration for octahedral Ni2+, outperform the Co-based
oxides/hydroxides in terms of the potential required for oxygen evolution. It was
observed after several experimental studies that NiOOH species which is formed in situ
by oxidation of Ni2+ to Ni3+ preceding the water oxidation reaction. In the linear currentvoltage scan, Ni oxidation from Ni2+ to Ni3+ shows up as a pre-peak before the actual
water oxidation process. Ni3+ achieves eg1 electronic configuration retaining the
octahedral coordination, which explains the high catalytic activity of the NiOOH. Some
recently discovered non-oxidic electrocatalysts have outperformed oxide based catalysts
opening new directions of research [51-55].

1.5.

NON OXIDIC
COVALENCY

OER

ELECTROCATALYSTS

AND

EFFECT

OF

Through different theoretical and experimental studies, it has been observed that
the catalytic activity is dependent on the d-electron occupancy, especially the half-filled
eg offered better catalytic activities [17]. It was also observed that increasing covalency in
the metal-oxygen bond led to better catalytic efficiency in oxide based catalysts.
Based on the sound chemical intuition of changing the local environment around
the transition metal atom in the lattice and replacing the oxide coordination sphere with
chalcogenide coordination sphere leading to the change in redox potential of the atom,
Nath research group pursued studies on Metal Sulfides, Selenides and Tellurides. For a
specific metal ion, the covalency increases with increasing anion size and since the
chalcogenides are bigger than the oxides according to that of Fajan’s rule, it can be
expected that metal-chalcogen bonds will have a greater degree of covalent character than
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the metal oxides [56]. Over the last couple of years, Nath group has synthesized some of
the first selenide based OER catalysts, Ni3Se2 [51,52], NiSe2 [53] , Co7Se8 [54], Cu2Se
[55], Ni3Te2 as well as mixed metal selenides, NiFe2Se4, FeNi2Se4, NiCo2Se4,
NixAlyFezSen [55] which has shown better catalytic activities than the other reported
electrocatalysts till date as shown in the Figure.1.4.
Detailed electrochemical characterization has shown that the Ni2+  Ni3+
oxidation potential in a seleno-based coordination environment is lower than that found
in oxides, making available Ni3+ at a lower potential in the selenide [51-55]. This will
lead to the lowering of the overpotential needed for OER in selenides when compared to
that of oxides.
This fact has been supported by results obtained from analysis of pure, single
crystals of a seleno-based molecular complex containing NiSe4 tetrahedral core [57] and
selenide based thin films [54].
It is to be noted that the former is quite important since these complexes are stable
coordination complexes with no tendency to form surface oxides proving the intrinsic
catalytic activity of the NiSe4 unit and changing the coordination from oxide to selenide
can indeed increase catalytic activity.
Recently, OER activity of Ni3Te2 was obtained as shown in the Figure 1.5. An
overpotential of 170mV at 10mAcm-2 was obtained and compared to that of NiOx, Ni3S2
and Ni3Se2 in Table 1.2. Supporting the hypothesis of increasing covalency resulting in
improved catalytic activity, Ni3Te2 showed a lower overpotential compared to that of
Ni3S2 and Ni3Se2. This same trend of reduction in overpotential was also observed for the
Co- and Cu-based chalcogenides [Table 1.2]. Decreasing electronegativity from S to Te

12

suggests increasing degree of covalency in the metal-chalcogen bond. These results
formed a strong basis for this work.

NRG – Results from Nath Research Group

Figure 1.4. Comparison of selenide based OER electrocatalyst reported by the Nath
group with conventional oxides.

Intensity
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Figure 1.5. Electrocatalytic activity of Ni3Te2 deposited on carbon cloth. Red and blue
curves correspond to activity before and after 16 h of chronoamperometry, respectively.
Inset shows powder X-ray diffraction of the film (black) compared with Ni3Te2 standard
(red).
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Table 1.2.: Comparison of overpotential at 10 mA/cm2 between oxide
and chalcogenides.
Oxide
Sulfide
Selenide
Telluride
Ni

330 mV

310 mV

210 mV

170 mV

(NiOx)

(Ni3S2)

(Ni3Se2)

(Ni3Te2)

361 mV

260 mV

-

(Co3O4)

(CoS/Ti)

(Co7Se8)5

Cu 450 mV

420 mV

320 mV

(Cu2S)

(Cu2Se)

Co 411 mV

(Cu/CuO)

1.6.

-

RATIONAL DESIGN OF A HIGH-EFFICIENCY ELECTROCATALYST
Based on the above discussion one can design a high performance OER catalyst

which meets the following criteria [6].
1) The electrocatalyst should possess a low intrinsic overpotential for the oxygen
evolution reaction.
•

Increased covalency in the anionic network (Section 1.8.)

2) The electrocatalyst should have a high active surface which facilitates both good
accessibility to the reactants (electrolyte and OH- ions) and sufficiently fast
removal of products such as gases, liquids and ions.
•

Nanostructuring (Section 1.9)

3) The electrocatalyst should possess a high electrical conductivity to provide
pathways for electrons. If the electrocatalyst is not a good electrical conductor, it
increases the resistance in the circuit leading to poor performance.

14
•

Use of reduced graphene oxide (Section 1.11)

4) The electrocatalyst should be compatible with the electrolyte. Alkaline fuel cells
have electrolytes with pH varying from 13 to 14. The catalytic material should not
lose its chemical stability when exposed to such harsh alkaline conditions.
•

Chemical robustness (Section 3 of paper - chronoamperometry)

5) The electrocatalyst should be electrochemically stable and not corrode at high
overpotentials.
6) The electrocatalyst should possess good mechanical and thermal stability for high
temperature electrolysis.
•

Structural integrity (covalent solids)

7) The electrocatalyst should be of low cost for commercial applicability in the long
run.
•

Using earth abundant transition earth metals (Section 1.4)

In this thesis we have investigated the OER catalytic activity of a novel transition
metal boride, Ni3B and Ni3B-rGO which has been designed and predicted to have high
activity based on the hypothesis claimed in Section 1.7. and the effect of lattice covalency
as has been described above.

1.7.

POSSIBLE ADVANTAGE OF USING BORIDES
Proposed Hypothesis: This hypothesis is proposed based on observations from the

previous studies that was discussed in the previous sections. 1) Presence of boron (B)
around the Ni-atom provides a more covalent network which might enhance catalytic
activity; 2) B being an electron deficient Lewis acid [56] may also facilitate attachment of
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the anionic (OH-) group (Lewis base) thereby enhancing catalyst activation [56]; 3)
Structural Richness (different chemical compositions) of the transition metal borides,
makes it an interesting family of compounds to get fundamental understanding of the
structure property correlation. This work involves the study of Ni3B and Ni3B-rGO as
electrocatalysts for OER. The reason behind choosing Ni as the cation for OER catalysis
in this work has been discussed in Section 1.4. The reason behind choosing Ni3B and
rGO as a reinforcement for better electrical conductivity in this work has been explained
in the following sections.

1.8.

STRUCTURE OF Ni3B AND BOND COVALENCY OBSERVED IN THE
M-B BOND AND REASON FOR SELECTION OF TRANSITION METAL
BORIDES
Ni3B has a cementite like structure (Fe3C) in the orthorhombic space group Pnma

with four formula units (Z = 4) per unit cell, where eight metal atoms (M(g)) are in
general positions (8d), four metal atoms (M(s)) in special positions (4c) and four
nonmetal atoms (X) in the interstices [58]. In Ni3B, Ni is situated in the centers of 15
vertices polyhedra, while B atoms are located in 3 capped trigonal prisms formed by Ni
as shown in Figure 1.6. below [59]. The shortest interatomic distances in Ni—B at 2.0337
Å, Ni—Ni at 2.4538 Å are in good agreement with the sum of atomic radii of the
elements (r(Ni) = 1.25 Å and r(B)=0.83 Å [60].
The stability of M3X compounds involves two competitive processes: (i) a loss in
metal–metal bond strength due to the volume expansion caused by the addition of carbon
or boron in the interstitial positions of the metal lattice, and (ii) an energy gain due to
favorable bonding interactions of metals with these nonmetal atoms. The equilibrium cell
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volumes of the borides (i.e. the metal–metal distances) are large considering the atomic
radii of boron (0.91 Å) as shown in Table 1.3.

Figure 1.6. Structure of Ni3B representing the bonding between Ni-Ni and B occupying
interstitial position. [58]
Table 1.3. The optimized lattice parameters (a,b and c, in Å), cell volumes ( Vo in Å3)
and atomic coordinates for M3X, Cementite phases. [58]
Phase
Fe3C
Co3C
Ni3C
A

5.058(5.082)

4.946(5.077)

4.956

b

6.703(6.733)

6.698(6.727)

6.809

c

4.506(4.521)

4.427(4.516)

4.465

M(g)

0.1766;0.0678;0.3326 0.1806;0.0594;0.3296 0.1735;0.0733;0.3214

M(s)

0.0362;0.25;0.8360

0.0399;0.25;0.8424

0.0444;0.25;0.8349

X

0.8756;0.25;0.4402

0.8813;0.25;0.4453

0.8816;0.25;0.4450

Vo

152.77

146.66

150.67

17
Table 1.3. The optimized lattice parameters (a,b and c, in Å), cell volumes ( Vo in Å3)
and atomic coordinates for M3X, Cementite phases (cont.). [58]
Phase
Fe3B
Co3B
Ni3B
A

5.397(5.433)

5.145(5.221)

5.199(5.2224)

b

6.648(6.656)

6.615(6.631)

6.642(6.6165)

c

4.368(4.454)

4.405(4.408)

4.388(4.3920)

M(g)

0.1751;0.0556;0.3508 0.1841;0.0594;0.3496 0.1805;0.0629;0.3456

M(s)

0.0182;0.25;0.8832

0.0240;0.25;0.8659

0.0290;0.25;0.8663

X

0.8812;0.25;0.4268

0.8795;0.25;0.4387

0.8818;0.25;0.4380

Vo

156.70

149.90

151.55

The volume expansion of borides leads to the weakening of M–M bonds.
Therefore, the stabilization of cementite-like borides is due to stronger covalent bonding
in M3B phases because of considerable M–B bonds strengthening as compared with M–C
bonds in the isostructural carbides [60].
The chemical bonding display in Figure 1.7. [58] the difference electron density
(Δρ) maps for Fe3C, Ni3C, Fe3B and Ni3B determined as Δρ ={ρcryst–Σρat}, where ρcryst
and ρat are the valence electron densities for the cementite-like phases and the
corresponding free atoms.
In the case of Ni3B, Δρ along the B–M lines increases, and the formation of Ni–B
bonds including both nickel atoms in general as well as in special positions are observed.
The electron densities demonstrate that the cementite-like borides have a stronger
covalent bonding than carbides due to the hybridization of boron and metal states—as it
was found also in the density of states [58].
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Figure 1.7.: The difference electron density (Δρ) maps for Fe3C, Fe3B, Ni3C and Ni3B in
planes having M(g)-X-M(s) bonding atoms. Dashed lines indicate –Δρ values. [58]

This is the reason (i.e considerable degree of bond covalency observed in Ni-B
bond) behind choosing Ni3B for studying electrocatalytic activity. All cementite-like
borides are stable phases due to stronger M–B hybridization [58].
Metal is the catalytically active site and Ni3B is a metal rich boron compound
[61]. The electrical properties of Ni3B was also analyzed to enhance its catalytic
performance by making a composite of itself with reduced graphene oxide, an electrically
conductive matrix.
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Reduced graphene oxide was chosen as a reinforcement to improve the electrical
conductivity of the catalytic material.
Electrical conductivity is an important property, an electrocatalytic material
should possess as explained in Section 1.6. The reason for choosing reduced graphene
oxide has been explained in Section 1.11.
The electrical conductivity of Ni3B single crystals in three main crystallographic
directions was found to be 0.0625*108 S/m, 0.0264*108 S/m and 0.0552*108 S/m in
[100], [010] and [001] respectively and it was concluded that Ni3B is a brittle metallic
conductor with pronounced anisotropic properties [62].
This work involves the study of polycrystalline Ni3B powder and no single
crystals of Ni3B. The electrical conductivity of Ni3B power based thick film conductors
was found to be 11.6 * 10-3 S/m for 0.30m2/g, specific surface area of the powder [63]. A
question might arise as to why to go for transition metal borides, despite having several
well performing electrocatalysts as discussed in the previous sections on non-oxidic
electrocatalysts.
Transition metal borides have been receiving attention in the last two decades for
applications in aerospace and high temperature processes. Metal borides have low density
and low coefficient of thermal expansion, which is desirable for aerospace applications
demanding low strength to weight ratio [64] to reduce cost.
Some of these borides are also ceramic materials which possess melting points
beyond 3000oC, and typically referred to as ultrahigh temperature ceramics (UHTCs).
The thermal and mechanical properties of certain UHTCs are shown in Table 1.4. [65]
below.
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Table 1.4. Mechanical and thermal properties of UHTCs. [65]
Material

Melting

Density

Co-

Thermal

Elastic

Hardness

Fracture

(Crystal

Point

(g cm-3)

efficient of

Conductivity

Modulus

(GPa)

toughness

o

Struc.

( C)

thermal

=Hex)

-1

-1

(Wm K )

(MPa m1/2)

(GPa)

expansion
(α;10-6 K-1)

TiB2

3225

4.5

7.4

60-120

560

25-35

4-5

HfB2

3380

11.2

6.3

104

480

28

4

ZrB2

3200

6.1

6.8

60-105

350

20-25

4

TaB2

3040

12.5

8.2

16-35

550

25

4.5

These ceramic borides, owing to their temperature-robustness, will be very useful
for applications in steam pyrolysis and high temperature fuel cells. However, borides
have not been investigated extensively for water electrolysis or related experiments for
energy conversion from sustainable resources. Hence in an attempt to initiate boride
based electrocatalysts for energy conversion processes, nickel boride (Ni3B)
nanostructures were analyzed to study the electrochemical performance in harsh alkaline
conditions. The incorporation of boron increases the oxidation resistance of Ni [66]. The
idea was to understand the mechanism and expand the concept to other Ni-doped UHTCs
for electrolysis of water/steam.

1.9.

NANOSTRUCTURING FOR OER ELECTROCATALYST
Nanostructuring of the catalyst is very important in increasing the catalytic

efficiency for OER. Currently many researchers work on reducing the particle size of the
materials, thereby increasing the surface area of the electrocatalysts [67-70]. Several
authors have reported the synthesis of IrO2 nanoparticles with particle sizes varying down
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to approximately 1.6 nm. [67-70]. This approach has effectively increased the number of
surface atoms with respect to bulk thereby increasing the OER activity of the catalyst. A
major issue that is caused due to this approach is that it becomes difficult to establish
structure−activity relationships for the OER due to the complex nature of the surface
species, which are difficult to examine experimentally. With respect to the applied
potential, the surface of the catalyst changes under the electrocatalytic conditions and
thus the in situ techniques such as in situ XPS or XAS are extremely important in
establishing a structure−activity−stability relationships. The effect of particular
preferential formation of *OH species on high surface area IrO2 [71] leading to enhanced
OER activity is noticeable in spherical nanoparticles. Co3O4 has noticeably good
performance as an OER electrocatalyst [72, 73, 74-104] but only 1/1000 of the exposed
sites are practically responsible for the electrocatalytic activity of Co3O4. In the case of
Co3O4, the surface active sites change by varying the overpotential. The surface structure
acted quite dynamic and to improve the OER performance amorphization of the reactive
surface was carried out to form the required intermediates [105]. Increase in the surface
area of Co3O4, directly increases the number of active sites. Different phases of nickel
sulfides have been tested as potential electrocatalysts for OER [106, 107, 108] and
noticeably, superior performance was observed in some nanostructured nickel sulfides
[109]. Certain cobalt sulfides have good electrochemical properties for ORR [110-113],
but their performance is not as good for OER [114, 115, 116]. Researchers are trying to
reduce the OER overpotential to make cobalt sulfide a bifunctional electrocatalyst [117].
An electrochemically deposited film of cobalt sulfide nanosheets reported by Liu et al.
could conduct OER with an overpotential of 361 mV at 10 mA/cm2 with stable
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electrocatalytic activity for at least 20 h [118]. This performance has been attributed to
the increased performance observed with respect to nanostructuring the material. The
electrocatalytic activity of CoSe2 in bulk form is poor and its structure was exfoliated to
expose electroactive Co sites for OER. The superior electrocatalytic activity of CoSe2
nanosheets was attributed to the presence of surface active sites [119]. The
electrocatalytic activity of high surface area porous nickel phosphide is higher towards
OER when compared to that of bulk nickel phosphide, also exhibiting a superior activity
for HER in acidic media [120]. The observation of increased surface area leading to
exposure of more electrocatalytically active surface sites led to this work nanostructuring
the electrocatalyst to improve the catalytic performance.

1.10.

REVIEW OF SYNTHESIS OF Ni3B NANOSTRUCTURES
Several synthesis procedures were reported for Ni3B microstructures and

nanostructures. Amorphous Ni−B alloys were deposited on various substrates through
vapor-liquid-solid mechanism from NiCl2 and decaborane/pentaborane as reductants and
the boron sources [121]. These films were further annealed at 800°C to produced Ni3B
micro particles. Metal borides are limitedly considered for hydro desulfidization (HDS)
[122-126]. Skrabalak et al. studied using HDS over unsupported crystalline Ni3B and
Co2B [124]. These phases were obtained by annealing at 450 °C in oxygenated water.
The resulting particles had a diameter of 100 nm approximately. The assessment of the
presence of amorphous boron oxide was not done. The authors showed that these phases
were unstable in harsh HDS conditions (450 °C) and were readily sulfided and converted
into the corresponding metal sulfides, which are typical HDS catalysts.

23

Use of organic solvents at atmospheric pressure most often leads to the formation
of amorphous metal borides because the temperature range that can be reached in such
conditions is not sufficient to trigger crystallization. Synthesis of nano scaled amorphous
metal boride relies on the procedures as those developed for aqueous synthesis involving
the reduction of metal salts by borohydride. Since the 1950s, aqueous and organic
procedures have been continuously developed in parallel when Co−B [127] and Fe−B
[128] systems were obtained in diethyl ether, followed by Ni−B [129] and Co−Ni−B
[130] systems in ethanol. A process involving the organic solvent based reduction was
reported to produce aggregated Ni3B particles with a diameter of 50−90 nm. The solvent
used was tetra-ethylene glycol with a boiling point of 280 °C and the reductant/boron
source was potassium borohydride in excess of the nickel source (19:1

KBH4 :

NiCl2·6H2O). Aggregates of amorphous nanoparticles were formed at 100 °C and then
crystallized to Ni3B upon further heating up to 280 °C. Crystallization is accompanied by
the smoothing of particle surfaces due to Oswald ripening [131]. For Co−B alloys, the B
content reaches values ranging from 25 to 40 atom % [132-135] a composition close to
Co2B. A reaction of 2CoCl2 (aq) + 4NaBH4 (aq) + 9H2O(l) →Co2B(s) + 4NaCl(aq) +
12.5H (g)+ 3B(OH)3 (aq) was proposed by Glavee et al. and co-workers in anaerobic
conditions. Considering the above literature, NiCl2·6H2O was used as the nickel
precursor and anhydrous sodium borohydride, NaBH4 was used as the boron source in
this work to synthesize Ni3B and the reaction was carried out in aqueous media. The
experimental procedure to synthesize Ni3B has been discussed in Section 2 of paper.
Diglyme was used as the chelating agent for slow release of Ni in the chemical reaction.
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1.11.

REDUCED GRAPHENE OXIDE AS A REINFORCEMENT
IMPROVED ELECTROCATALYTIC ACTIVITY

FOR

Various types of carbon are widely used in the realm of electrochemistry as
conventional electrodes. Although their overpotentials for OER are high, it is still
reasonable to use carbon as a metal-free electrode for OER due to low cost and versatility
in design [136-145]. The best example is the chemical interaction of nitrogen-doped
carbon with active metal oxides [146, 147]. It has been reported that spreading a network
of hexagonal carbon on the substrate electrode provides a better pattern for the deposition
of the electroactive material. When using a graphene sheet over the substrate electrode,
the growth of the electroactive material can be considered to form a better structure in
favor of OER [148, 149]. In many works, various types of carbon nanomaterials such as
graphene and reduced graphene oxide [74, 82, 86, 92, 96, 112, 117, 136, 142, 144, 148187] have been used to build a nanocomposite with the electrocatalyst. This improves the
electrical conductivity between the electrocatalyst particles while increasing the specific
surface area of the electrode. However, this is not usually a simple mechanical mixture of
two or more solids. Instead, there are chemical interactions between the carbon and the
electrocatalyst through the carbon functional groups. Reduced graphene oxide has
properties between graphene and graphene oxide [188]. Delocalization of the π electrons
over the conjugate 2D network of sp2 hybridized carbon is the reason for high electrical
conductivity observed in reduced graphene oxide [189,190]. Even though delocalization
of the π electrons is observed in reduced graphene oxide, it is not as good electrical
conductor as that of graphene. This is due to the presence of attached functional groups
and defects in the conjugate 2D network caused due to the involved synthesis procedure
[188]. The reason behind researchers still pursuing research on reduced graphene oxide
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as opposed to that of the better graphene is due to the complexity involved in the
synthesis of graphene [191]. Use of reduced graphene oxide enables a better electron
transfer from the catalyst surface to the electrode due to the delocalization of the π
electrons. Electron transfer between the catalyst and the substrate holding the catalyst is
facilitated by reduced graphene oxide [147, 148, 150-158, 161-163, 165, 166, 168, 169,
170, 173, 174, 175, 178, 192]. Due to this phenomenon of better charge transfer, an
improvement in the catalytic performance is observed [147, 148, 150-158, 161-163, 165,
166, 168, 169, 170, 173, 174, 175, 178, 192]. This has been observed in several studies.
For example, Co3O4 nanocrystals on graphene reported by Hongjie et al. has shown an
improvement in the catalytic activity for OER compared to that of Co3O4 itself by
synergistic effect observed in catalyst due to the addition of reduced graphene oxide.
[187]. This has been shown in the Figure 1.8 below. The linear sweep voltammetric
(LSV) scan shown in Figure 1.8 a) shows the comparison of OER and ORR activity of
Co3O4 by itself and Co3O4/N-rmGO (Nitrogen doped reduced graphene oxide). LSV is
plotted with applied voltage against the current density observed. This plot is used to
determine the overpotential for OER and onset potential for OER. Taking a closer look at
OER LSV scan, it can be observed that Co3O4/N-rmGO shows a better catalytic activity
as compared to that of Co3O4. This can be understood by the cathodic shift of the LSV
curve of Co3O4 towards the thermodynamic water splitting voltage of 1.23V vs RHE after
the addition of N-rmGO. The OER LSV comparison of Co3O4, Co3O4-rmGO
(rmGO=reduced graphene oxide), Co3O4-NrmGO can be found in Figure 1.8 b). Co3O4
shows an overpotential of 345mV at 10mA/cm2. A lower overpotential of 320mV at
10mA/cm2 is observed in the case of Co3O4-rmGO due to the addition of reduced
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graphene oxide. The Tafel plot is used to understand the kinetics of the reaction. Lower
Tafel slope implies better charge transfer in the system. It can be observed in Figure 1.8
c) that Co3O4-rmGO has a lower slope as compared to that of Co3O4 itself.

Figure 1.8. Comparison of a) OER and ORR performance of Pt, Co3O4 & Co3O4/NrmGO in O2 saturated 0.1M KOH. b) LSV of Co3O4, Co3O4/rmGO & Co3O4/N-rmGO. c)
Tafel curve of Co3O4, Co3O4/rmGO & Co3O4/N-rmGO. [187]

Another case can be considered involving the addition of Nitrogen doped reduced
graphene oxide (N-rGO) to Mn and Co substituted Fe3O4 (MCF) that was reported [193].
The LSV curve in Figure 1.9. a) shows that N-rGO by itself is not even able to provide a
current density of 10mA/cm2 with application of the voltage up to 1.9V vs RHE. MCF by
itself is achieving a current density of 10mA/cm2 at 1.8V vs RHE. When a hybrid catalyst
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of MCF/N-rGO (black curve) is made, an increase in the catalytic performance is
observed with 10mA/cm2 current density observed at an applied potential of 1.7V. This
performance was attributed to the better charge transfer observed between the electrode
and catalyst surface through nitrogen doped reduced graphene oxide. The electrical
conductivity of reduced graphene oxide produced by reducing graphene oxide with
hydrazine hydrate was found to be 2000 S/m [189].

Figure 1.9. The electrochemical measurements have been performed in O2 saturated 0.1M
KOH. (a) LSV curves depicting the improvement of performance with incorporation of
N-rGO to MCF. (b) MCF/N-rGO and RuO2 subjected to 200 cycles of LSV. [193]

A composite of less electrically conductive Ni3B as mentioned in Section 1.8 with
a more conductive reduced graphene oxide was made to improve the catalytic
performance of the material.
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2.

METHODS OF CHARACTERIZATION

The catalyst synthesized in this work has been characterized using the following
methods.
Powder X-ray diffraction (PXRD):- The synthesized catalyst was characterized
through powder X-ray diffraction using Philips X-Pert using Cu Kα (1.5418 Å) radiation.
The PXRD pattern was collected from 5° to 90°.
Transmission Electron Microscopy (TEM):- High resolution TEM images and
selected area electron diffraction (SAED) were obtained using FEI Tecnai F20. The
probe current is 1.2 nA with a spot size of less than 2 nm. STEM mode in the TEM was
also used for dark field imaging where the convergence angle was 13 mrad and the
camera length was 30 mm. This scope is equipped using an Oxford ultra-thin (UTW)
window energy dispersive X-ray spectroscopy (EDS) detector, which allows detection of
the elements.
X-ray photoelectron spectroscopy (XPS):- XPS measurements of the catalysts
were performed using a Kratos Axis 165 X-ray Photoelectron Spectrometer using the five
monochromatic Al X-ray source. The spectra were collected as is without sputtering with
Ar for 30 sec which removes approximately >1 nm from the surface.
Scanning Electron Microscopy (SEM):- SEM images of the catalyst were
obtained from Hitachi S-4700 at an acceleration voltage of 15KV using the secondary
electron detector. The scope is equipped with EDAX genesis EDS system.
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3.

3.1.

PRODUCT DEVELOPMENT

FUNCTIONAL FABRICS FOR WATER SPLITTING
To make electrocatalysts available for consumer applications, the second direction

of research is aimed at developing a catalyst ink that can be coated on cotton fabrics and
polyester fabrics as catalyst stacks for applications in fuel cells.

3.2.

COTTON AND POLYESTER FABRIC BASED ELECTRODES FOR
ALKALINE FUEL CELLS
Many abundantly available natural materials were assessed for production of

electrode stacks. Cotton is an abundantly available perennial crop which is extensively
used in making fabrics (39% of the world’s fabrics) [194].
Polyester is a fiber that is also widely used in making fabrics. Extensive amount
of research is going on in producing economically feasible biodegradable aliphatic
polyester that does not result in pollution.
Polyhyroxybutarate (PHB) and Polylactic acid (PLA) are the most extensively
studied biodegradable thermoplastic polyesters. Both are a truly biodegradable and
biocompatible and both have a relatively high melting point (160 to 180 °C). [195].
Cotton fabrics are stable in harsh alkaline conditions [196] but contain nonconductive cellulose network. Cotton has been made conductive by coating it with a
carbon based conductive suspension prepared by exfoliation through ultrasonication.
The procedure developed to make the cotton conductive has been discussed in the
Section 3.5.
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3.3.

MOORE’S LAW FOR FIBERS
“Fabrics that see, hear, sense, communicate, store and convert energy, regulate

temperature, monitor health and change color – heralding the dawn of a Fabric
Revolution.” – Advanced Functional Fabrics of America (AFFOA).

3.4.

PROGRESSION TOWARDS THE PRODUCTION OF FUNCTIONAL
FABRICS
AFFOA published a roadmap [197] on the development of functional fabrics over

the next 5 years, where energy storing apparel has a place in 2021 as shown in Figure 3.1.
below. This gives the confirmation and motivation that this work is not a mere chase of a
superfluous dream.

Figure 3.1. AFFOA Roadmap. [197]
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3.5.

CATALYST INK PREPARATION
0.5g of graphite was ultrasonicated in 5ml of N,N dimethylformamide for 36

hours. After sonication the solution was left undisturbed for three days. The supernatant
was separated by centrifugation at 12000 RPM. The supernatant remained black even
after centrifugation. The supernatant is expected to be a graphene suspension produced
by exfoliation of graphite.

3.6.

ELECTROCHEMICAL ANALYSIS
Cotton was dipped in the ink and dried at 1450C for five times and analyzed in a

three electrode system with reference electrode as calomel electrode and counter
electrode as platinum mesh in 1MKOH.

3.7.

PRELIMINARY RESULTS
OER performance of the catalyst ink coated cotton was analyzed and the results

Current/μA

are as shown in the Figure 3.2. below.
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Figure 3.2. Comparison of OER performance of blank cotton and ink treated cotton

32

3.8.

FUTURE WORK
The ink suspension obtained from the above procedure is not very viscous. Better

adhesion of the ink can be achieved by increasing the viscosity of the ink. So,
polyaniline, a conductive polymer will be added to the suspension to increase the
viscosity. After producing a conductive viscous ink, electrocatalytically active metal
chalcogenides or metal borides will be added to the suspension.
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ABSTRACT
Alkaline water electrolysis yielding H2 and O2 is a very promising fuel cell
technology for sustainable energy generation. The emphasis has been placed on
development of efficient electrocatalysts comprising of earth-abundant elements, for the
kinetically deterrent oxygen evolution reaction (OER). Nickel boride nanostructures
exhibit enhanced OER catalytic activity achieving 10 mA cm-2 at overpotential of 340
mV. The activity can be greatly improved by incorporating Ni3B in electrically
conductive reduced graphene oxide matrix bringing the overpotential further down to
290mV at 10 mA cm-2 along with a small Tafel slope. The catalytic activity of Ni3B-rGO
nanocomposite show extensive stability under long term operational condition.

Keywords: Water splitting, OER electrocatalysts, reduced graphene oxide, Nickel
borides, Synergistic effect.
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1.

INTRODUCTION

Electrocatalytic water splitting to produce H2 and O2 is one of the most promising
research direction for clean energy generation. However, the sluggish kinetics of oxygen
evolution reaction (OER) poses hindrance in the path of effective and efficient water
splitting which requires high energy to break the activation barrier [1]. Thus, efforts have
been devoted to explore the efficient electrocatalysts for OER. RuO2 and IrO2 have been
identified to be efficient OER catalysts [2]. However, these precious metal oxides are not
feasible for large scale O2 production due to the scarcity and cost associated with these
precious metals [3, 4]. Additionally, these noble metal oxides also suffer from long term
instability in strong alkaline conditions [5]. Earth abundant transition metal oxides,
hydroxides and oxy-hydroxides have recently been used to replace precious metal oxides
as electrocatalysts for OER in alkaline medium [6-7]. Recently, earth abundant transition
metal chalcogenides have proved to be better than oxides due to lesser anion
electronegativity and compatible electronic structure [8-12]. Metal borides and metal
phosphides are the latest addition to the family of electrocatalysts for water splitting [1318]. For example, Co2B [13] and FeB2 [14] have recently been reported to catalyze the
overall water splitting reaction at low overpotentials. More recently, NixB nanosheets
have shown high catalytic efficiency for OER [15] and amorphous Ni-B [16] alloy has
shown a high efficiency for hydrogen evolution reaction (HER) over a broad pH range.
Electrocatalysis is enabled by fast faradaic redox reactions that happen at
electrolyte-electrode interface [19]. This phenomena that happens at the surface can be
made more efficient by increasing the surface area of the catalyst thereby exposing more
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active sites [20]. Nanostructuring of the catalyst, not only increases the surface area but
also as a consequence exposes the catalytically active sites. Besides nanostructuring, the
catalyst activity can be significantly improved by making a composite with reduce
graphene oxide (rGO) [21]. Part of this enhancement is due to the increased conductivity
of the rGO matrix which helps electron transport in the within the catalyst composite.
Herein we have reported Ni3B/rGO nanocomposite as highly efficient OER
electrocatalyst. The Ni3B-rGO hybrid nanocomposite was synthesized by solution based
reaction. The nanocomposite catalyst requires only 290 mV overpotential vs RHE to
achieve 10 mA cm-2 OER current density with a small Tafel slope (88.4 mV/dec).
Interestingly, the Ni3B-rGO nanocomposite shows very high stability for O2 evolution
over extended period of time.
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2.

MATERIALS AND METHODS

Synthesis of Ni3B nanostructure: 1mmol of NiCl2 was dissolved in 5ml of bis (2methoxyethyl) ether and stirred until a yellowish green solution was obtained. The
prepared solution was then dissolved in 200ml deionized water. Then, 10 mmol of dry
NaBH4 was added dropwise, whereby, a black precipitate was formed immediately. The
solution was stirred for one hour. At the completion of the stirring period, the black
precipitate was separated by centrifugation and washed several times with ethanol and
deionized water. Finally, the product was dried in vacuum oven at room temperature for
overnight. The possible reaction of Ni3B synthesis is presented below:

6 NiCl2 + 12 NaBH4 + 30 H2O = 2 Ni3B + 12 NaCl + 39 H2 + 10 H3BO3

Synthesis of nickel boride/rGO nanocomposite: Graphene oxide (GO) was
prepared by modified hummers method [22]. 0.5 ml of hydrazine hydrate was added to
GO (1:1 wt. % of catalyst) dispersed in 5ml of deionized water and heated at 70 ºC for
two hours. Synthesized rGO was mixed with dry NaBH4 and the same procedure for
synthesizing nickel boride nanostructures was carried out to produce the hybrid
nanocomposite.
Electrode preparation: 2 mg of the catalyst was added to 100µL of 2% Nafion
solution and was ultrasonicated for 20mins leading to formation of a catalyst ink. 10µL of
this solution was drop-casted on carbon finer paper (CFP) and air dried to be later used as
the anode.
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Electrochemical study: The OER activity was performed by linear sweep
voltammetry

(LSV)

chronoamperometry

and
at

the

stability

constant

of

potential

the
using

catalyst

was

conventional

obtained
three

from

electrode

electrochemical cell. Standard calomel electrode (SCE), Pt mesh and Ni3B/Ni3B-rGO
films on CFP were used as reference, counter and working electrodes, respectively. All
potentials obtained in this study (vs SCE) were converted to the reversible hydrogen
electrode (RHE) by using the following equation.
ERHE = ESCE + 0.059 pH + E0SCE
Where E

RHE

(1)

is the converted potential vs RHE, ESCE is the experimentally measured

potential vs SCE, and E0SCE is the standard thermodynamic potential of SCE at 25 °C
(0.242 V).
The electrocatalytic activity and kinetics of an electrochemical process can be explained
by Tafel equation [23] as follows:
𝑅𝑇

𝑑𝑙𝑛𝑗𝑎

𝛼𝑎 = (𝑛𝐹) (

𝑑𝐸

)

(2)

where αa is anodic transfer coefficient, n is number of electron involved in the reaction, F
is Faraday constant and ja is the current density, and Tafel slope is given by (dlnja/dE).
The turnover frequency (TOF) is an important parameter that quantifies the specific
activity of a catalytic site for OER reaction under defined reaction conditions by the
number of catalytic cycles occurring at the active center per unit time.
TOF =

𝐼
4×𝐹×𝑚

(3)

where I is the current in Amperes, F is the Faraday constant and m is the number of
moles of the active catalyst.
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3.

RESULTS AND DISCUSSIONS

PXRD patterns of Ni3B and Ni3B-rGO composite along with Ni3B standard
pattern (PDF # 01-082-1699) are shown in Figure. 3.1. Both of the experimental pxrd
patterns confirmed the presence of Ni3B. However, the peal intensities were fairly low
and exhibit a broad peak between 37o to 57o suggesting that the product was weakly
crystalline phase. Broadening of the diffraction peaks can be attributed to the small grain
sizes of the catalyst

Figure 3.1. PXRD patterns of Ni3B and Ni3B-rGO compared with the reference (PDF #
01-082-1699).

nanoparticles. SEM images of the Ni3B (Figure. 3.2a) and Ni3B-rGO (Figure. 3.2d)
nanocomposite showed that the product was mainly composed of well-dispersed
spherical nanoparticles. Particle size distribution was analyzed from several SEM images
and insets in Figure 3.2a and Figure 3.2d show histograms for particle size distributions
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of Ni3B and Ni3B-rGO nanocomposite, respectively. Particle size distribution of Ni3BrGO was found to be relatively smaller 30–55 nm (average 42 nm) than Ni3B, 45-70 nm
(average 57 nm). Smaller particle size along with the synergistic effect of rGO might be
attributed the better catalytic activity of the hybrid nanocomposite.
TEM analysis of Ni3B and Ni3B-rGO nanocomposite as shown in Figures. 3.2b
and 3.2e, respectively confirmed the presence of randomly distributed catalyst
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Figure. 3.2 (a) – (c) Analysis of Ni3B catalyst. (a) SEM image with inset showing
histogram of particle size distribution. (b) TEM image with inset showing the SAED
pattern. (c) Ni 2p and B 1s (inset) XPS spectra. (d) – (f) Characterization of Ni3B-rGO
nanocomposite. (d) SEM image, inset showing histogram of particle size distribution. (e)
TEM image inset showing the SAED pattern. (f) Ni 2p and B 1s (inset) XPS spectra.

(inset of Figure.3.2e) showed similar diffuse diffraction rings corresponding to <213>,
and <031> lattice planes of Ni3B, which also confirmed the presence of Ni3B phase in the
catalysts.
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X-ray photoelectron spectroscopy (XPS) was employed to investigate the
oxidation states of Ni and B in Ni3B (Figure 3.2c) and Ni3B-rGO (Figure 3.2f) catalysts.
Three distinct peaks of the Ni 2p3/2 core levels was observed for both Ni3B and Ni3BrGO. The peak at the low binding energy of ca. 852eV can be assigned to metallic Ni 0
[19] originating from the core level of Ni3B nanoparticles as expected for nickel borides
[24-25]. The 2nd peak at about 855.5 eV of both catalysts is close to Ni2+ signal and the
third peak at higher binding energy correspond to the satellite peak due to the overlapping
of antibonding orbitals. Insets of Figure 3.2c and Figure3.2f show B1s spectra from both
samples. The peak at 188.0 eV can be assigned to the B0 signal in Ni3B [24-25]. It should
be noted that the binding energy of B 1s in Ni3B is higher than the amorphous elemental
boron (187.3 eV) [26], indicating electron cloud shifted towards the Ni from B. The peak
at higher binding energy can be attributed to surface boron oxides [24-25].
The OER activity of Ni3B and Ni3B-rGO was measured in N2 saturated 1 M KOH
with a scan rate of 10 mV s-1 using linear sweep voltammetry (LSV) and the results were
compared with RuO2 (Figure 3.3a). LSVs of rGO and carbon fiber paper (CFP) were also
measured for reference. It can be observed that CFP did not show any OER activity and
on the other hand, rGO by itself showed very less OER activity. However, modification
of CFP with Ni3B, and Ni3B-rGO showed excellent OER activity as can be seen in
Figure. 3.3a. The onset potential for O2 evolution was at 1.51 V vs RHE for Ni3B and an
overpotential (ƞ) of 340 mV was required to achieve 10 mA cm-2 current density.
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Figure 3.3 (a) LSVs measured for different catalysts coated on CFP substrate in N2
saturated 1.0 M KOH solution at a scan rate of 10 mV s-1. (b) Tafel plots of catalysts. (c)
Chronoamperometric study for Ni3B-rGO nanocomposite at a potential of 1.52 V vs.
RHE for 12 h in 1 M KOH. (d) Comparison of catalytic activity before and after
chronoamperometry for 12 h.
Interestingly, when Ni3B was modified with rGO the onset potential and ƞ at 10
mA cm-2 was further lowered to 1.43 V vs RHE and 290 mV at of 10 mA cm-2,
respectively. This excellent OER activity can be attributed the synergistic effect in the
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catalyst-rGO composite which facilitates charge transfer within the catalyst matrix in
presence of rGO during the catalytic process [27]. Another interesting observation is that
the Ni-oxidation peak that is typically observed due to catalyst activation and creation of
Ni3+ also occurs at more cathodic potential in Ni3B-rGO compared to Ni3B. This can also
be attributed to the synergistic effect due to the presence of rGO matrix, which can
facilitate the Ni2+ oxidation at lower potential than Ni3B. Previously we have shown that
catalyst activation at lower potential leads to lower onset potential for OER. These OER
activities were compared with RuO2 which shows an onset potential and ƞ at 10 mA cm-2
current density at 1.51 V vs RHE and 370 mV, respectively, which are comparable with
previous reports [26]. It should be noted here that Ni3B-rGO nanocomposite showed
much higher catalytic activity (low onset potential and ƞ) amongst the reported boride
based OER electrocatalysts (Table 3.1).
The kinetics for OER were investigated by analyzing the Tafel plots as shown in
Figure. 3.3b. Tafel slopes were obtained as 81.4 mV dec-1, 88.4 mV dec-1 and 117.1 mV
dec-1 for Ni3B, Ni3B-rGO and RuO2, respectively. Lower values of Tafel slope confirms
better kinetics and higher catalytic activity of nickel borides. The turnover frequency of
Ni3B and Ni3B-rGO nanocomposite were calculated at an overpotential of 290 mV,
assuming that all of the metal ions in the catalysts are catalytically active for OER. The
TOF values were calculated to be 0.001 s-1 and 0.012 s-1 for Ni3B and Ni3B-rGO,
respectively. The higher TOF value of Ni3B-rGO indicates better OER performance over
Ni3B, confirming the synergistic effect of rGO.
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Table 3.1: A comparison of OER activity of different boride-based electrocatalysts
Catalysts

Electrolyte

Onset

Ƞ to get 10

Tafel slop /

Reference

potential /

mA cm-2 /

mV dec-1

s

vs. RHE

mV

Co2B/NG

0.1M KOH

1.51

360

45

13

FeB2

1M KOH

1.48

296

52.4

14

NixB

1M KOH

1.54

380

89

15

Nickel(II)

1M KOH

1.48

302

52

24

Co-3Mo-B

1M NaOH

1.50

320

155

28

Ni3B

1M KOH

1.51

340

81.4

This work

Ni3B-rGO

1M KOH

1.43

290

88.4

This work

Borate @ Ni3B

Stability of the Ni3B-rGO nanocomposite under operational condition was
investigated by chronoamperometry whereby the potential was held constant at 1.52 V to
achieve 10 mA cm-2 for extended period of time (12h) in 1M KOH solution. It was
observed that the current density did not show any degradation even after 12 h of
continuous oxygen generation (Figure 3.3c) indicating exceptional durability and
functional stability of the catalyst in alkaline medium. The OER polarization curves
before and after chronoamperometry were also compared to check the catalyst stability
(Figure 3.3d). Interestingly, the LSVs before and after 12 h or chronoamperometry were
perfectly superimposable and the catalyst showed similar onset potential and
overpotential at 10 mA cm-2.
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4. CONCLUSION

One step simple solution-based technique was used to synthesize Ni3B and Ni3BrGO nanocomposite, which showed highly efficient OER catalytic activity in alkaline
medium. Among these Ni3B-rGO nanocomposite showed exceptional electrocatalytic
activity with low overpotential (290 mV) to achieve 10 mA cm-2, which is one of the
lowest overpotentials that has been reported for boride-based catalysts so far. The
nanocomposite catalyst also exhibited a small Tafel slope 88.4 mV dec-1 indicating faster
reaction kinetics. The synergistic coupling between rGO and Ni3B nanoparticles is
believed to be the driving force for the excellent OER activity.
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SECTION

4.

DISCUSSION OF RESULTS NOT INCLUDED IN THE PAPER

Chronoamperometry (chrono) for 12hrs was performed to check the stability of as
prepared Ni3B as shown in Figure 4.1 a.
The applied potential was 1.58V vs RHE. Cyclic voltammograms (CV) before
and after 12 hrs of chronoamperometry were performed as shown in the Figure 4.1 b. The
current density corresponding to that of 1.58V vs RHE obtained from that of the CV
before checking chrono is 16.6 mA/cm2.
The current density response in the beginning of the chrono shows a lower current
density of 8 mA/cm2 as opposed to that of the expected 16.6 mA/cm2. The reason of the
increased current density at the end of 12hrs is expected to be due to the opening of pores
in the polymer binder used in the preparation of the catalyst ink.
The pores that are formed are expected to be formed due to the electrochemical
activation of the polymer binder due to the application of an electric potential over a
prolonged period of 12 hrs.
In Figure 4b, the Ni2+ oxidation to Ni3+ peak is observed at 1.43V vs RHE in the
CV obtained before chrono and an anodic shift to 1.45V vs RHE is observed in the CV
obtained after chrono. This implies that there is a slight degradation in the performance of
the catalyst after 12 hours of chrono.

j/mAcm-2

49

20.00
a)
18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00
0.00

2.00

4.00

6.00

8.00

10.00

12.00

Time in hrs

80.00
70.00

b)

j/mA/cm2

60.00

Before Chrono

50.00
40.00

After chrono

30.00
20.00
10.00
0.00

1.00

-10.00

1.20

1.40

1.60

1.80

E/V vs RHE

Figure 4.1 a) Chronoamperometric curve of Ni3B for 12hrs in 1M KOH. b) CV
before and after chrono of Ni3B.

C1s XPS spectra of Ni3B and Ni3B-rGO is shown in the Figure 4.2 below. The CC peak intensity increases in the case of Ni3B-rGO as opposed to that of Ni3B proving
that a composite between rGO and Ni3B is formed and the interaction is not just physical
but also chemical [198].
The intensity of the broad peak containing C-O, C=O and O=C-OH in the case of
both Ni3B nanostructures and Ni3B-rGO nanocomposite have the same intensity.
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Figure 4.2. C1s XPS spectra of Ni3B and Ni3B-rGO

TEM-EDS of Ni3B and Ni3B-rGO were obtained as shown in the Figure 4.3
below. EDS scan of Ni3B in Figure 4.3a shows the presence of Ni and B. They exact
composition of Ni and B obtained from that of EDS is not exact.
Since B signal at 0.12KeV closely matches with that of C signal, the exact
composition cannot be obtained. The presence of C and Cu in the case of Ni3B is
observed due to the layer of C present in the Cu grid used for sample preparation. TEMEDS was carried out to determine the presence of any impurities.
It was found from the TEM-EDS scan of Ni3B that very little oxygen at
0.375KeV is present which can be attributed to that of the surface oxides present in the
catalyst.
In the case of Ni3B-rGO shown in Figure 4.3b, an increased intensity of C and O
is found due to the presence of reduced graphene oxide. Boron peak is found to be
coinciding with the carbon peak in Figure 4.3b giving an inaccurate atomic percentage of
boron in EDS.
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(a)

B

(b)

Figure 4.3. a) TEM-EDS scan of Ni3B and b) TEM-EDS scan of Ni3B-rGO
nanostructures.
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RuO2 was electrodeposited on gold substrate using 0.450g of RuCl3·H2O and
2.98g KCl dissolved in an electrolyte of 0.01 M HCl by running 100 CVs from 0.06 to
0.96 V vs SCE at a scan rate of 0.05 V/s. Then the sample was annealed in air at 200 °C
for 3 h [9]. RuO2 was synthesized and checked for electrocatalytic activity to calibrate the
electrochemical setup used for recording electrochemical measurements. RuO2 is the
state of the art electrocatalyst for OER. For a scan rate of 10mV/s, an overpotential of
380mV at 10mA/cm2 was observed matching with the results published by Jaramillo et
al. [9].
Several Ni-based catalysts have been compared in the table below. The Ni-based
catalyst have been arranged in the order of decreasing electronegativity of the anions upto
Ni3Te2 and then the boride based nickel catalysts up to date have been presented. The
trend observed going down from NiOx to Ni3Te2 is that with increasing bond covalency
between the cation and anion and decreasing the electronegativity of the anion results in
the lowering of the overpotential, implying a better catalytic performance. Metal borides
are a new class of electrocatalytic materials researched upon for the bond covalency
observed in the metal-boron bond. Telluride based compounds show a better catalytic
performance than that of borides. The reason behind boron based compounds still being
pursued is due to their superior mechanical properties and thermal properties, which
makes them possible recruits for electrocatalyzing steam electrolysis. There are only
three nickel based borides that have been reported for the electrocatalysis of OER as
presented in the Table 4.1. The catalytic performance of the Ni3B and Ni3B-rGO
nanocomposite developed in this work has been mentioned in red in the Table 4.1. The
performance of the catalyst developed in this work is comparable to that of the other
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reported Ni-borides. Apart from the identification of Ni3B as an electrocatalyst for
oxygen evolution reaction, the novelty of this work involves the addition of rGO to
improve the catalytic performance of the catalyst which is enabled by better charge
transfer between the electrolyte, catalyst and substrate. Apart from the comparison of the
electrocatalyst developed in this work with other boride based electrocatalysts, the
comparison with other reported Ni-based catalysts shows that the Ni3B and Ni3B-rGO
developed is comparable with the other reported catalysts.

Table 4.1: Comparison of Ni-based catalysts.
Electrocatalysts
for water
splitting

Electrolyte

Onset
potential V

η@
10 mA cm-2
(mV vs RHE)

Reference

NiOx
nanoparticlesb

1M KOH

1.52*

331

199

NiOx/C

1M KOH

1.51*

335

200

Amorphous NiO

1 M KOH

1.54*

>470 a

201

α-Ni(OH)2

0.1M KOH

1.54*

331

202

Ni(OH)2 /NiOOH

1 M KOH

1.80*

525

203

Ni(OH)2
nanoparticlesb

1M KOH

1.48*

299

199

Ni3S2–Ni foam

0.1M KOH

1.387

187

204

Ni3S2–Ni foam

1M NaOH

1.46*

260

205

NiS/ Ni foam

1 M KOH

1.55

158a

206
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Table 4.1: Comparison of Ni-based catalysts (cont.).
Ni3Se2–Ni foam

1M KOH

1.48*

270 a

207

Ni3Se2/Cu foam

1M KOH

1.51

343

b

208

NiSe2 /Ti

1 M KOH

1.53*

320 c

209

NiSe2

1 M KOH

1.43

250

210

NiSe2-DO

1M KOH

1.46*

241

211

NiSe2 /Ti

1M KOH

1.53*

295 a

212

1.45

320 ±20

Ni3Se2– Au Glass
0.3 M KOH
Ni3Se2–Ni foam

51
1.46

270 ± 20

Ni3Se2 (30 s
dissolution) @Au

1M NaOH

1.39

190

52

NiSe nanowires

1M KOH

1.49*

270a

213

NiSe2 nanosheets

1MKOH

1.55

323

214

Ni3Te2– Au Glass

1.38

210 d

Ni3Te2–Ni foam

1.45

230 e

Ni3Te2– CFP

1.41

210

Ni3Te2– C Cloth

1.42

210

Ni3Te2– GC

1.36

180

1M KOH

215
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Table 4.1: Comparison of Ni-based catalysts (cont.).
Ni3Te2 Hydrothermal

1.38

220

NixB

1M KOH

1.54

380

216

Nickel (II) Borate
@ Ni3B

1M KOH

1.48

302

217

1.51

340

This work

1.43

290

This work

Ni3B
1M KOH
Ni3B-rGO

* Calculated from references; a@ 20 mA cm-2; b@ 50 mA cm-2; c@ 100 mA cm-2,
d

supplementary figure S3a , esupplementary figure S3b.
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5.

CONCLUSION

Electrocatalytic materials for OER are extensively investigated to lower the
excess energy required for water oxidation. Metal in the electrocatalytic material is the
active site for OER process to take place. Attachement of the hydroxyl ions to the
catalytic site initiates the OER process. In this work, the local coordination environment
around the metal center was varied to facilitate the attachment of OH-. By introducing B
around Ni in Ni3B, a covalent network is established due to metal boron covalent
interaction. This covalent interaction facilitated water oxidation in alkaline media making
Ni3B a good electrocatalyst for OER. OER is an electron transfer reaction taking place
between the electrolyte, catalyst and substrate holding the catalyst. Through literature
review, it was found that reduced graphene oxide (rGO) by itself is not an active OER
catalyst but when a hybrid of itself and the catalyst material is made, an increase in the
catalytic performance is observed due to electron transfer from catalyst surface to the
substrate. Ni3B-rGO composite showed a better catalytic performance as compared to
that of Ni3B due to better electron transfer.
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APPENDIX

A.1.

DETAILED DESCRIPTION OF ELECTROCHEMICAL METHODS
There are certain ways to analyze and bench mark the performance of a catalyst.

A potentiostat is a device that is used to perform electrochemical analysis. Three
electrode system consisting of the working electrode, counter electrode and the reference
electrode was used to perform electrochemical analysis. The working electrode is the
anode consisting of the electrocatalyst ink drop casted on carbon fiber paper. The counter
electrode that was used is Platinum (Pt) mesh. Platinum does not interfere with the
electrochemical reaction that take place at the anode and also simultaneously supports the
hydrogen evolution reaction. The oxygen evolution reaction and hydrogen evolution
reaction always coexist and cannot happen individually. Reference electrode that was
used is the standard calomel electrode (SCE). All the electrochemical measurements were
recorded with reference to the reference electrode. The potential scale can be moved
based on convenience. So, the actual potential applied can be determined by altering the
scale with respect to the reference.
A.1.1. Linear Sweep Voltammetry (LSV).This is the classic plot which is used
to determine the overpotential. This is a plot between the voltage supplied versus current
density. When the measurement is made with potentiostat, the current produced with
respect to the voltage supplied is obtained. The current density is obtained by dividing the
current with the catalyst area on the electrode. The plot appears to be as the one shown in
the Figure A.1. below. The point where the non-faradaic region ends, marks the
beginning of the oxygen evolution reaction. The potential at this point is called onset
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potential. Lower onset potential implies that the electrocatalyst is an efficient OER
catalyst. Overpotential is the potential at which, a current density of 10mA/cm2 is
achieved.

100

Current density (j / mA cm-2)

90
80
70
60
50
40
30
20

Non-Faradaic region

10

Overpotential

0
1.0

1.2

1.4

1.6

1.8

Potential (E/V vs. RHE)

Figure A.1. Typical linear sweep voltammetric curve of oxygen evolution reaction. [218]

A.1.2. Cyclic Voltammetry (CV). Cyclic voltammetry gives the redox behavior
of the material. CV is performed by cycling the potential of a working electrode and
measuring the corresponding current response. The forward scan gives the information
about oxygen evolution reaction and the reverse scan gives the information about oxygen
reduction reaction. Typical CV plot is shown in Figure A.2. below.
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Current density j / mA cm-2

300
250
200
150

Forward

100
50

Reverse

0

1.0

1.2

1.4

1.6

-50

Potential E / V vs. RHE
Figure A.2. Typical CV plot with no catalyst oxidation hump. [218]

A hump in the CV curve appears due to catalyst oxidation and reduction. The
hump in the forward scan is produced by catalytic metal center oxidizing to produce
electron which reflects as an increase in current and the hump in the reverse scan is
produced by catalytic metal center reducing back to the oxidation state prior to forward
scan. This can be seen in the Figure A.3. shown below.

Current density j/mAcm-2

120.00
100.00
80.00
60.00
40.00
20.00
0.00
1.00
-20.00

1.20
1.40
1.60
Potential E/V vs RHE

1.80

Figure A.3. CV plot showing catalyst oxidation and reduction hump. [Ni doped CeSe,
unpublished work from Nath group]
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A.1.3. Chronoamperometry. It is not just important for the catalyst to perform
extremely well for a short period of time. In order to find out, how stable the catalyst is
for a prolonged period of time, chronoamperometry is performed. It is done by holding
the desired applied potential for several hours to find the change in current response with
respect to time. If a degradation in current is observed, it is to be concluded that the
catalyst is not stable over a prolonged period of time as can be observed in the blue curve
shown in the Figure A.4. Stable performance of the catalyst is depicted by the red curve

j / mA cm-2

in the same figure.

Stable current density implying a
stable catalyst

10

Degradation in current density implying
catalyst degradation

5
0
0

2

4
Time / h

6

Figure A.4. Typical plot of chronoamperometry of oxygen evolution reaction. [52]

A.1.4. Kinetics of the Oxygen Evolution Reaction. In order to understand the
kinetics of oxygen evolution reaction, one should understand the Tafel plot and Tafel
equation. The fundamental quantities observed in any electrochemical reaction are the
current and the potential. The current is a manifestation of the rate of the interfacial
reaction and can be shown to be dependent on the applied potential (Bard and Faulkner
2000). The primary concern in electrocatalysis is the relationship between the current and
potential. Steady-state Tafel plot analysis is the most widely applied technique in the
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study of electrocatalytic reactions. Tafel equation is derived by assuming that there is no
mass transport and the reaction takes place purely by kinetic control. Tafel plot is plotted
with log of the current density against the corresponding overpotentials. The slope of the
Tafel curve is given by the following equation.

𝒃=

𝟐. 𝟑𝟎𝟑𝑹𝑻
𝒏𝜶𝒂 𝑭

Where,
b is the slope of the Tafel curve
R is the universal gas constant
T is the temperature
αa is the transfer coefficient of the anodic reaction
F is the faraday’s constant
n varies from 1 to 4. n=1 – first electron process, n=2 – second electron process, n=3 –
third electron process and n=4 – fourth electron process.
First electron process, n=1 corresponds to that of Eq.=1 in Section 1.3. Second
electron process, n=2 corresponds to that of Eq.=2 in Section 1.3. Third electron process,
n=3 corresponds to that of Eq.=3 in Section 1.3. Fourth electron process, n=4 corresponds
to that of Eq.=4 in Section 1.3.
By solving the equation for the slope by getting the slope from the Tafel curve,
value of n can be determined. The value of n obtained gives us which equation is the rate
limiting step in the overall OER. This reaction is the slowest step in the overall reaction
4OH- → O2 + 4H2O +4e-.
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To plot this graph, the points shown in the Figure A.5. below is considered. The
region in between the non-faradaic region and region in faradaic region with constant
slope is chosen. This region gives the best picture of rate limiting step of the overall OER
and this is the region where the reaction takes place due to kinetic control. Beyond this
region the reaction takes place due to diffusion control. Classic Tafel plot is shown in the
Figure A.6. below.

Current density (j / mA cm-2)

50

40

The potentials and
their corresponding
current
densities
between the onset to
the region of constant
slope is taken for
plotting the Tafel
curve

30

20

10

0
1.0

1.2

1.4

1.6

1.8

Potential (E/V vs. RHE)

Figure A.5. The region from the LSV curve where the potentials and their corresponding
current densities are acquired to plot the Tafel curve. [218]
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Overpotential, η / V vs.
RHE

0.30
0.29
0.28
0.27
0.26
0.25
0.24
0.23
0.22
0.21
0.20
0.0

0.3

0.6

0.9

1.2

1.5

Log (j / mA cm-2)
Figure A.6. Typical Tafel plot of oxygen evolution reaction. The slope obtained from this
curve is b.[218]
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